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Bridgman single-crystal growth of AlFe2B2 resulted in systematic Fe-Al lattice site substitution in the AlFe2B2
(Mn2AlB2-type structure, aka 1-2-2) phase along the direction of solidification. The Fe:Al ratio varied from
1.94 to 2.06. The 1-2-2 phase lattice parameters, magnetic transition temperatures (Tt ) 280 − 315 K, magnetic
entropy changes (S)2.3 − 4.0 J/kg K, heat capacity (Cp) 117 − 147 J/mol K, and thermal conductivity (κ ) ∼
2.4 − 11.5 W/m K all varied monotonically across the region of solubility. These findings confirm the sensitivity
of the magnetic and thermal properties of the AlFe2B2 compound to antisite defects. The interplay between
Al and Fe lattice site occupancy and the resultant magnetic and electronic responses facilitates tailoring the
properties of the AlFe2B2 system for potential functional applications, including magnetic cooling.
DOI: 10.1103/PhysRevMaterials.3.094411
I. INTRODUCTION AND BACKGROUND
The global energy demand for cooling and refrigeration
are projected to increase at an accelerating rate over the next
hundred years [1,2]. Therefore, technologies with increased
efficiency are desired to replace the current industry standard:
the century-old compression cooling technology. Magnetic re-
frigeration, which utilizes the magnetocaloric effect (defined
as the temperature change of a magnetic working material
upon application and removal of a magnetic field in the vicin-
ity of a magnetic phase transition temperature), is one pos-
sible alternative to compression cooling [1]. Magnetocaloric
materials (MCMs) with tunable magnetic phase transition
temperatures (Curie temperatures) can be combined in mag-
netic refrigeration devices to enhance cooling performance
over the operating temperature range [2–4]. Among other
attributes, the broad range of magnetic transition temperatures
reported in the AlFe2B2-based family of materials (200 K 
Tt  315 K) has generated interest in this system for poten-
tial magnetocaloric applications [5–7]. Prior to this current
work, atomic-level understanding underlying the variation of
magnetic transition temperatures reported for this compound
was lacking. In this work, we present the sensitivity of the
magnetic transition temperature in AlFe2B2 to Fe and Al
antisite defects, where a 1 at.% difference in Fe content leads
to a large change in Tt spanning 280–315 K.
AlFe2B2-based compounds adopt the orthorhombic
Cmmm-type Mn2AlB2 structure consisting of alternating Al
monolayers and Fe2B2 slabs along the long b axis (Fig. 1).
Within the Fe2B2 slabs the Fe atoms encase the boron
atoms to provide an atomic sequence along the b axis of
Al-Fe-B-Fe-Al. The Fe and B atoms form like-atom zigzag
chains along the a axis creating a corrugated layer within
the (ac) plane. Previous work by the current authors reported
*lejeune.b@husky.neu.edu
that the AlFe2B2 compound undergoes an anisotropic,
coupled structural and magnetic (magnetostructural) phase
transition near the ferromagnetic-to-paramagnetic transition
temperature (Tt ∼ 290 K) [6,8]. This transition features
non-uniform changes in the a, b, and c parameters that deliver
a conserved unit cell volume [6].
To date, a number of studies have investigated the effect
of compositional modification on the structure, magnetism,
and magnetocaloric response of AT2X2 compounds (A =
Al, Ga, Ge; T = Mn, Fe, Co, Ni; X = B, C) [5,7,9–14].
Although the AT2X2 family of materials can accommodate
a broad range of 3d transition metals and main group el-
ements, the parent compound, AlFe2B2 retains the highest
reported magnetic phase transition temperature (Tt = 312 K)
[5,12].
A range of nominal Fe:Al at.% ratios (0.66–2.0) and pro-
cessing techniques have been employed in previous studies
to produce the parent compound: AlFe2B2 [5,10,12,15,16].
The chosen conditions for synthesis of unsubstituted AlFe2B2
result in a large variation in structural properties and magnetic
properties for the AlFe2B2 (aka 1-2-2) phase [5,7–12]. Levin
et al. investigated the effect of nominal starting composition
and annealing on the phases present in Al:Fe:B alloys (x:2:2;
x = 1.0, 1.1, 1.2), but at this time no study has correlated
the intrinsic properties with chemistry for the 1-2-2 phase
[15]. In this work, AlFe2B2 was synthesized in polycrystalline
and single crystal forms by suction-casting and a modified
Bridgman technique, respectively. Single crystals were found
to contain a gradient in the Fe:Al at.% ratio within the
1-2-2 phase with minimal extraneous second phases. This
allowed for systematic study of the intrinsic properties of
the 1-2-2 phase containing up to 1 at.% antisite defects of
Fe for Al. Analysis of samples synthesized using suction-
casting and Bridgman techniques demonstrated that process-
ing can be used to tune the composition of the 1-2-2 phase,
which in turn tunes the structural and magnetic responses
greatly.
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FIG. 1. AlFe2B2 Cmmm-type orthorhombic crystal structure
containing planes of Al separating Fe2B2 slabs.
II. METHODS
Synthesis methods are described first for suction-cast poly-
crystalline samples and then for single-crystal samples grown
using a modified Bridgman technique. Characterization tech-
niques and experimental conditions used to study the proper-
ties of all samples are described subsequently.
Polycrystalline samples of nominal Al:Fe:B composi-
tions x:2:2 (x = 1.0, 1.1, 1.2, 1.5, 2.0, 2.5, 3.0) as well
as compositions 1.3:2 :1.7, 0.7:3 :2, 1:1.85:2.15, 1.2:1.9:
2.1, 1.2:2.1:1.9 were prepared from precursors (Metals ba-
sis Al: 99.999%, Fe: 99.999%, B: 99.5% purity) that were
arc-melted and homogenized in an inert Ar atmosphere and
subsequently suction-cast to produce ingots of approximately
5-mm diameter by 4-cm length. Discs (1-mm thickness ×
5-mm diameter) were sliced from these ingots using a low-
speed diamond saw and were metallographically polished
to a mirror finish in water. The sliced discs were wrapped
with tantalum foil and sealed in evacuated quartz ampoules
backfilled to a partial pressure of 250 Torr with ultrahigh
purity Ar for annealing at 1313 K for 72 h, using a heating
rate of 10 K per minute followed by furnace cooling. The
annealing temperature was chosen on the basis of calorimetric
data, described in a prior publication [15], which provides
information regarding the stability of the 1-2-2 phase.
Single crystals of Al(1−y)Fe(2+y)B2(y = −0.01−0.01)
were synthesized using a modified Bridgman technique. A
60-g ingot of nominal Al:Fe:B composition 2:2:2 was pre-
pared for Bridgman growth from appropriate quantities of
Al, Fe, and B that were arc-melted and homogenized in
an inert Ar atmosphere. Excess Al was added to the stoi-
chiometric 1:2:2 composition to avoid primary solidification
of the intermetallic FeB phase, which occurs when samples
of composition x:2:2 (x  1.6) are prepared using casting
methods, as described later in this work. The 60−g arc-melted
ingot was subsequently drop-cast into a conical copper mold
(2.5-cm diameter ×7-cm length with the first cm tapering
to a point) that was inserted into a geometrically similar
Al2O3 crucible for single-crystal growth and loaded into a
high-temperature Bridgman furnace (model FR210 Oxy-gon
Industries, Inc.) that was evacuated and then backfilled to an
Ar partial pressure of 3100 Torr. The sample was held for one
hour at 1723 K, above the liquidus temperature (Tl ∼ 1570 K)
and cooled by slowly withdrawing the crucible out of the
furnace hot zone at a rate of 1.5 mm/h.
The tapered cone and five sequential discs (2-mm thick-
ness × 18-mm diameter) of the resultant single-crystal were
sliced perpendicular to the [101] solidification direction us-
ing electrical discharge machining (EDM). These discs were
metallographically polished in water using SiC grinding paper
(240, 400, 600, 2400 grit) followed by diamond suspension
polishing (9 μm, 6 μm, 1 μm) on a microfiber cloth to a
mirror finish. All discs were wrapped with tantalum foil and
sealed individually in evacuated quartz ampoules backfilled
with ultra-high purity Ar to a partial pressure of 250 Torr for
annealing. The discs were heated at 10 K per minute to 1313 K
and held at temperature for 12 h; the quartz ampoules were
quenched in ice water after the annealing treatment.
Approximately 100−200 mg of each polycrystalline and
single-crystal sample were hand-ground in air with a mortar
and pestle to a powder (<50 μm) for structural characteri-
zation. Diffraction patterns of isotropic ground samples were
collected using a Bruker laboratory x-ray powder diffractome-
ter (Cu−Kα radiation, λ = 1.54184 Å). Bragg reflections
present in the obtained x-ray diffraction patterns were fit
using GSAS-II refinement software to calculate the phase lat-
tice parameters [17]. Data obtained from Laue backscattered
diffraction (Philips PW 1830 generator, Photonic Science
CCD detector with Python Powered Software version 2.7) was
utilized to orient single-crystal samples along the principal
crystallographic axes of the 1-2-2 lattice. After orientation,
the crystal was sectioned along the 〈200〉, 〈020〉, and 〈002〉
axes using EDM and subsequently polished to a mirror finish
to remove the deformation layer produced by the EDM.
The chemical composition and morphology of annealed
discs from both the polycrystalline and the single-crystal sam-
ples were assessed using scanning electron microscopy (SEM,
FEI Teneo FE-SEM, operated at 20 kV/0.1 nA) equipped with
energy dispersive spectroscopy (SEM-EDS, Oxford Aztec
system with X-Max 80 Silicon Drift Detector). Five regions of
each disc were analyzed to assess the variation in composition.
In some cases, the local composition was further investigated
using x-ray fluorescence measurements (XRF, Bruker Tor-
nado M4 Micro-XRF) employing Rh-Kα radiation.
Magnetic characterization of all samples was performed
using vibrating sample magnetometry (VSM, Quantum De-
sign model VersaLab) in magnetic fields of −30  Happ 
30 kOe (−3 T  μ0Happ  3 T) and temperatures in the
range 50 K  T  400 K. A Physical Property Measure-
ment System (PPMS, Quantum Design model Dynacool) was
also used to investigate the samples in magnetic fields of
−90  Happ  90 kOe (−9 T  μ0Happ  9 T) and tem-
peratures in the range 1.9 K  T  390 K. The Curie
temperature (Tc) of the 1-2-2 phase at an applied field
of Happ = 20 kOe (μ0Happ = 2 T) was determined as the
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FIG. 2. (a) Al-Fe-B ternary phase diagram with data markers indicating the starting composition of polycrystalline samples and solid lines
distinguishing binary phase boundaries. (b) Magnified AlFe2B2 ternary phase region showing the range of Fe-Al content and the estimated
solid solubility (green dotted lines) along the binary phase boundaries.
inflection point (i.e., as the minimum in the dM/dT versus
T data) of magnetothermal data collected upon heating at
a sweep rate of 2 K/min (estimated error ±2 K). The mag-
netocrystalline anisotropy constants (K1) were calculated for
the 1-2-2 phase at T = 50 K using anisotropy field data (Ha)
along each axis of the 1-2-2 lattice [Eq. (1)]:
K1 = Ha ∗ JS2 , (1)
where JS is the saturation magnetization in emu/cc (esti-
mated error ±10%). The magnetocaloric response of the
1-2-2 phase in the magnetic field range 5 kOe < Happ <
20 kOe (0.5 T < μ0Happ < 2 T) was indirectly assessed us-
ing magnetic entropy change curves (Smag versus T ) calcu-
lated from the application of Maxwell’s relation to data ob-
tained from isothermal M(H ) curves measured at temperature
intervals of 2.5 K in the vicinity of the Curie temperature
[Eq. (2)]:
Smag = μo
∫ Hmax
0
(
∂M
∂T
)
H
dH . (2)
Here, μo is the permeability of free space, ∂M∂T is the tem-
perature change of magnetization, and Hmax is the maximum
applied field.
The thermal and electrical transport properties of select
discs obtained from the single-crystal sample were examined,
including the specific heat capacity, thermal conductivity,
Seebeck coefficient, and electrical resistivity. Heat capacity
measurements were performed using the heat capacity option
of the Quantum Design PPMS apparatus in the range of
7  T  325 K in zero applied magnetic field; the error of
heat capacity data is ∼1%. The heat capacity was quantified
using the thermal relaxation method, whereby the temperature
response of a sample is ascertained when a known amount of
heat is supplied to the sample for a fixed time followed by a
cooling period of the same time [18]. Samples were prepared
for thermal and electrical transport measurements by using
E20 silver epoxy to attach four contacts down the length of
sections taken from select single-crystal discs (dimensions
∼2 mm × 2 mm × 8 mm). The temperature and voltage
drop across these contacts were monitored as a heat pulse was
applied to one end of the sample using the thermal transport
option of the Quantum Design PPMS apparatus. These data
were collected in the temperature range 1.9  T  390 K
at a sweep rate of 0.2 K/min for T < 20 K and 0.5 K/min
for T > 20 K. The thermal conductivity, Seebeck coefficient,
and electrical resistivity were computed by the software of
the PPMS using the measured temperature and voltage drop
across the contacts on the mounted samples along with the
sample geometry.
Liquidus (Tl ), peritectic (Tp), and eutectic (Te) temperatures
of polycrystalline samples of nominal Al:Fe:B composition
x:2:2 where x = 1.0, 1.1, 1.2, 1.5, 2.0, 2.5, 3.0 were deter-
mined using differential scanning calorimetry (DSC). A Net-
zsch STA 409 PC model calorimeter was operated at a con-
trolled heating and cooling rate of 20 K/min in pure helium.
The temperatures were determined as the onset temperature
of characteristic peaks in the heat flow signal for all samples
(taken as the intersection of tangents from the signal baseline
and onset of the thermal peaks).
III. RESULTS
The range of Fe and Al content (Fe:Al at.% ratio) in the
1-2-2 phase for polycrystalline and single-crystal samples
are described below. The influence of the Fe:Al at.% ratio
on the properties of AlFe2B2 (lattice parameters, magnetism,
thermal, and transport behavior) is demonstrated to be of
fundamental importance for the functional magnetic response
in this system.
A. Al-Fe antisite substitution in the 1-2-2 phase
Analysis of data allowed construction of updated ternary
Al-Fe-B and pseudo-binary Al-FeB phase diagrams, pre-
sented in Figs. 2 and 3. Figure 2(a) depicts the Al-Fe-B ternary
phase diagram with binary phase boundaries shown as solid
black lines; data markers indicate the nominal compositions
of polycrystalline samples within various three-phase regions
of the ternary phase diagram. Compositional analysis revealed
a range of Fe and Al content in the AlFe2B2 (aka 1-2-2)
phase for the polycrystalline samples. A magnified region of
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FIG. 3. Revised Al-FeB pseudobinary phase diagram indicating
the Fe-Al solubility of the Al(1−y)Fe(2+y)B2(y = −0.02−0.02) phase
as well as the peritectic, eutectic, and liquidus lines as determined
from heat flow data. The error in measured temperatures is smaller
than the data markers when no error bars are visible.
the Al-Fe-B ternary phase diagram [Fig. 2(b)] identifies the
width of the 1-2-2 phase field (39.5  Fe at.%  40.5 Fe and
20.5  Al at.%  19.5), which encompasses the stoichiomet-
ric AlFe2B2 composition (40.0 at.% Fe and 20.0 at.% Al).
The specific stoichiometry of the 1-2-2 phase in samples
was identified as Al(1−y)Fe(2+y)B2(y = −0.02−0.02). Green
dotted lines designate estimated regions of solubility with the
solubility limits shown with black solid lines to designate the
binary phase boundary lines.
The experimentally determined liquidus, peritectic,
and eutectic temperatures of polycrystalline samples
of nominal Al:Fe:B composition x:2:2 where x =
1.0, 1.1, 1.2, 1.5, 2.0, 2.5, 3.0 are presented on the
Al-FeB pseudobinary phase diagram in Fig. 3. The liquidus
temperature (green triangular markers) decreases with
increasing Al content from T = 1923 K (Tl of stoichiometric
FeB [19]) to T = 1447 K in the 3:2:2 sample. The peritectic
temperature (Tp ∼ 1540 K) remains nearly constant (blue
circular markers) until the Al content of samples exceeds
∼28 at.% Al (at the nominal Al:Fe:B composition 1.6:2:2).
At 28 at.% Al the peritectic and liquidus lines intersect,
marking the limit of FeB stability. The eutectic temperature
(Te ∼ 1300 K) of the studied samples remains nearly constant,
forming a eutectic solid-liquid boundary which extends at a
quasi-constant temperature from the 1-2-2 phase boundary
(red square markers) into the Al-rich region of the phase
diagram.
B. Microstructure and composition of the
AlFe2B2 single-crystal sample
The Bridgman-grown sample of nominal Al:Fe:B compo-
sition 2:2:2 was confirmed to contain a ∼ 2-cm-long single
crystal region by Laue backscattered diffraction; the [101]
orientation of the AlFe2B2 (aka 1-2-2) matrix phase was the
same from one end to the other indicating a continuous crystal,
irrespective of minor amounts of secondary phases. The false-
colored XRF map in Fig. 4 shows the elemental distribution
of Fe (green) and Al (red) in the Bridgman-grown sample as
well as the distribution of the embedded minor Al13Fe4, and
AlB2 phases. The 1-2-2 phase was the first to solidify initially
growing along a planar front. The single crystal becomes more
Al-rich as 1-2-2 phase solidification proceeds; as Fe is con-
sumed by the crystal during solidification the remaining melt
increases in Al content. Approximately 2 cm down the length
of the Bridgman-grown sample, the sample microstructure
transitions from a single-crystal to 1-2-2 phase grains that
appear to have a high aspect ratio needle-like morphology.
FIG. 4. (a) The Fe (green) and Al (red) content in the Bridgman sample as well as the rough phase distribution of AlFe2B2, Al13Fe4, and
AlB2 phases (b, c).
094411-4
EFFECTS OF AL AND FE SOLUBILITY ON THE … PHYSICAL REVIEW MATERIALS 3, 094411 (2019)
FIG. 5. The a-, b-, c-lattice parameters and unit cell volume (V )
of the 1-2-2 phase in polycrystalline and single-crystal samples as
a function of Fe:Al at.% ratio. The a lattice parameter is largely
independent of the Fe:Al ratio, whereas b, c, and V increase with
increased Fe:Al at.% ratio.
A steady increase in the amount of aluminum-rich secondary
phases (Al13Fe4 and AlB2) is observed in the Bridgman-
grown sample along the direction of solidification. A band
of AlB2 precipitates is observed as solidification continues,
followed by the eutectic mixture consisting of Al13Fe4 and
AlB2. Along the single-crystal portion the 1-2-2 phase Fe:Al
at.% ratio is determined to progress from 2.04 ± 0.02 to
a minimum of 1.96 ± 0.02, corresponding to a composition
range of Al(1−y)Fe(2+y)B2(y = −0.01−0.01).
C. Effects of Fe:Al ratio evolution on the 1-2-2 phase lattice
parameters and magnetic character
The a-, b-, c-lattice parameters and the unit cell volumes
of the 1-2-2 phase are presented in Fig. 5 as a function
of Fe:Al at.% ratio. The a-lattice parameters [Fig. 5(a)] of
the 1-2-2 phase are largely independent of the Fe:Al at.%
ratio and the majority of the values fall in a narrow band
2.925(1)  a  2.927(1) Å. Figure 5(b) displays the b-lattice
parameters of the 1-2-2 phase which also show a very small
variation (bmax = 0.1%) within a range 11.030(1) Å  b 
11.042(1) Å, increasing with increased Fe:Al at.% ratio. Sim-
ilarly, the c-lattice parameter [Fig. 5(c)] spans the range
2.865(1) Å  c  2.876(1), with cmax = 0.4%. The unit
cell volume V ranges from 92.5 to 93.1 Å3 [Fig. 5(d)] and
mimics the behavior of the b- and c-lattice parameters.
The effect of a varied Fe:Al at.% ratio on the 1-2-2
phase magnetic phase transition temperature (Tt ) is shown
in Fig. 6(a). The 1-2-2 phase magnetostructural transition
temperature increases with increased Fe:Al at.% ratio from a
minimum value of 280 K to a maximum of 314 K. The 1-2-2
phase saturation magnetization MS(50 K) shows a similar
dependence on the Fe:Al at.% ratio, ranging from 76.2 emu/g
at Fe:Al at. % = 1.94 to 87.0 emu/g at Fe:Al at.% = 2.06 as
shown in Fig. 6(b).
The initial susceptibility and the magnetocrystalline
anisotropy energy at T = 50 K of the 1-2-2 phase
(Fe:Al at.% = 2.02) along the 〈200〉, 〈020〉, and 〈002〉
crystallographic directions as well as their saturating fields
(Ha) is shown in Fig. 7. The anisotropy constants were
determined along each axis of the AlFe2B2 lattice as K〈200〉 =
1.25(13) × 106 ergs/cc, K〈020〉 = 2.50(25) × 106 ergs/cc,
and K〈002〉 = 1.25(13) × 107 ergs/cc.
D. Effects of Fe:Al ratio evolution on the heat
capacity and transport properties
The heat capacity, thermal and electrical transport proper-
ties of single-crystal samples are examined below with respect
to the Fe:Al at.% ratios of the 1-2-2 phase for Fe-rich, stoi-
chiometric, and Al-rich Al(1−y)Fe(2+y)B2(y = −0.01−0.01)
compositions (Fe:Al at.% ratios = 2.03, 2.0, 1.98,
respectively).
The magnitude and sharpness of the heat capacity peak
(Fig. 8) increases from 117 to 147 J/mol K with increased
Fe:Al at.% ratio for the 1-2-2 phase. The heat capacity re-
sponse for temperatures below and above the magnetic phase
transition temperature (277 K  Tt  293 K) is very similar
for all studied samples and increases monotonically with
increased temperature.
The thermal conductivity of all single-crystal samples
[Fig. 9(a)] increases with increased temperature in a quasi-
linear fashion to ∼75 K; this behavior is more prominent in
the samples containing stoichiometric (AlFe2B2) and Fe-rich
(Al0.99Fe2.01B2) 1-2-2 phase compositions than in the sample
with an Al-rich (Al1.01Fe1.99B2) composition. The thermal
conductivity (κ) of the sample with the Al-rich composition
plateaus in the region 75–270 K and gradually increases with
increased temperature for T > 270 K. In contrast, the thermal
conductivity of the samples containing stoichiometric and
Fe-rich compositions plateaus around 75 K and then decreases
gradually with increased temperature until T ∼ 305 K. For
T > 305 K, the thermal conductivity of all three samples
continues to increase gently with increased T . Local minima
in κ are observed at T ∼ 300 K, which increases in sharp-
ness with increased Fe:Al at.% ratio. The room-temperature
value of κ for Al(1−y)Fe(2+y)B2(y = −0.01−0.01) single-
crystal samples dramatically increases with increased Fe:Al
at.% ratio in the 1-2-2 phase from ∼2.4 to ∼11.5 W/m
K. The Seebeck coefficient (α) of Al(1−y)Fe(2+y)B2(y =
−0.01−0.01) single-crystal samples [Fig. 9(b)] decreases
monotonically with increased temperature from 1.9 to 390 K.
The temperature-dependent Seebeck coefficient is similar in
all single-crystal samples except in the vicinity of room-
temperature, where α changes more abruptly with increased
Fe:Al at.% ratio in the 1-2-2 phase. The electrical resistivity
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FIG. 6. (a) The magnetic phase transition temperature and (b) saturation magnetization as a function of the Fe:Al at.% ratio. Both quantities
increase as the Fe:Al ratio increases.
(ρ) of single-crystal samples increases monotonically with
increased temperature [Fig. 9(c)] from 1.9 to 390 K. A change
in slope of the ρ(T) curves is observed near room-temperature,
which becomes more abrupt with increased Fe:Al at.% ratio
in the 1-2-2 phase. The room-temperature electrical resistivity
decreases by an order of magnitude (from ∼1 × 10−5 to
1 × 10−6) with increased Fe:Al at.% ratio in the 1-2-2 phase.
The maximum magnetic entropy change
[S(μ0Happ = 2 T)] of the 1-2-2 phase increases with
increased Fe:Al at.% ratio (Fig. 10), with maximum values
ranging from 2.3 J/kg K at Fe:Al = 1.98 to 4.0 J/kg K
at Fe:Al = 2.03. The temperature of the S maximum,
associated with the phase transformation Tt , also increases
with increased Fe:Al ratio in the 1-2-2 phase.
IV. DISCUSSION
Structural, magnetic, and transport attributes of sam-
ples containing Al(1−y)Fe(2+y)B2(y = −0.02−0.02) phase
FIG. 7. Magnetization verses applied field at T = 50 K showing
the approach to saturation along 〈200〉, 〈020〉, and 〈002〉 crystal-
lographic directions for the 1-2-2 phase. Inset shows the low-field
magnetization behavior.
compositions are demonstrated to be highly sensitive to
small variations in the Fe:Al at.% ratio. These variations
are consistent with Fe and Al antisite lattice defects in the
AlFe2B2 structure [14,15,20]. These current results provide a
decisive explanation for the origin of the range of structural
and magnetic values that are reported in the literature for
this compound as well as provide a rubric for tailoring its
response.
It is demonstrated here in both polycrystalline and single-
crystal samples that the 1-2-2 phase is not a line com-
pound, but rather the lattice can accommodate an approximate
∼1 at.% antisite occupancy in Al and Fe lattice sites (39.5 
Fe  40.5 at.% and 19.5  Al  20.5 at.%). This conclusion
is in contrast to the conclusion of Liu et al. who reported that
the 1-2-2 phase is a line compound [16].
The attainment of a macroscopic single crystal of the 1-2-2
phase facilitated systematic study of the effect of detailed
FIG. 8. Temperature-dependent heat capacity (Cp) for
samples containing Fe-rich, stoichiometric, and Al-rich
Al(1−y)Fe(2+y)B2(y = −0.01−0.01) compositions indicating an
increase in the magnitude and temperature of the Cp peak in the
vicinity of Tt .
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FIG. 9. (a) Thermal conductivity (κ); (b) Seebeck coefficient
(α); (c) electrical resistivity (ρ) as a function of temperature from
1.9 K < T < 390 K for the samples of this study.
composition on structural, magnetic, and thermal/electrical
transport properties. All data indicate that variation in the
Fe:Al atomic ratio underlie changes in the coupled magnetic-
structural phase transition described previously by Lewis et al.
[6]; it is hypothesized that the boron lattice constituents do
not contribute to the observed trends. The AlFe2B2 lattice
expands with increased Fe:Al ratio, with the c-parameter
undergoing the largest expansion (Fig. 5), corroborating previ-
ous reports that identify the c-lattice parameter, and associated
Fe-Fe bonds which lie perpendicular to the Fe and B zigzag
chains along the a axis (〈200〉 direction), as most sensitive to
compositional variations [7,13,14]. Modification of the Fe:Al
atomic ratio appears to have little effect on the a- and b-lattice
parameters; these parameters correlate to the like-atom bonds
FIG. 10. Magnetic entropy change (S) as a function of tem-
perature for samples containing Fe-rich, stoichiometric, and Al-
rich Al(1−y)Fe(2+y)B2(y = −0.01−0.01) where the magnitude and
temperature of the S peak is seen to increase with increased Fe:Al
at.% ratio in the 1-2-2 phase.
in B zigzag chains as well as Fe-B bonds within the Fe2B2
slabs which lie in the (ac) plane [7]. Results derived from
DFT calculations performed on the T2AlB2 (T = Fe, Mn, Cr,
Co, and Ni) compounds emphasize the importance of inter-
atomic exchange coupling within the structure. In specific,
for a perfectly chemically ordered structure of composition
Fe2AlB2, the first four nearest-neighbor exchange parame-
ters, encompassing those in the Fe2B2 layers, are found to
be positive [13]. This result is consistent with the reported
experimental results: both MS and Tt , which are dominated by
the system exchange coupling, increase with increased Fe:Al
ratio in the 1-2-2 phase of polycrystalline and single-crystal
samples (Fig. 6). This behavior is consistent with electron
donation modifying the density of states of the majority spin
channel near the Fermi level, increasing the magnetic moment
on the Fe sites [7,8,13,14,21]. Supporting evidence includes
the increase in the c parameter of AlFe2B2 with increased
Fe:Al ratio, which is reported to increase as FM coupling
increases [13]. Both electronic effects and lattice alterations
resulting from antisite occupancy are expected to alter the
pairwise exchange parameter Jb between Fe atoms across the
Al monolayer [13]. The low moment of Al relative to Fe atoms
likely decreases Ms and Tc due to a dilution of Fe moments
when the Fe:Al ratio is less than 2.0 (Al substituting for Fe).
Similar behavior was reported when lower moment transition
metals such as Mn were substituted for Fe in AlFe2B2 [13].
Magnetization data in oriented single crystals (Fig. 7) are
consistent with reports that specify the anisotropy fields Ha
along the a axis (Ha,a axis = 5 kOe) and the c axis (Ha,c axis =
50 kOe), identifying an easy a axis and a hard c axis in this
system [22,23].
The room-temperature thermal conductivity (∼2.4 −
8.8 W/m K), electrical resistivity (1.1 × 10−5 − 3.4 ×
10−6  m), and Seebeck coefficient (−23 μV/K) data of
the studied samples of Al-rich and stoichiometric composi-
tions (Fig. 9) are consistent with previously reported values
measured in polycrystalline samples of similar composition
[15,24]. Due to the relatively high phase purity of the syn-
thesized single-crystal sample containing an Fe-rich (Fe:Al
ratio = 2.03) 1-2-2 phase composition we conclude that the
room-temperature thermal conductivity (11.5 W/m K) and
electrical resistivity (1 × 10−6) of the 1-2-2 phase are en-
hanced with increased Fe:Al at.% ratio. The abruptness of the
heat capacity (Cp) and magnetic entropy change (S) peaks
(Figs. 8 and 10, respectively) in the Fe-rich single-crystal
sample may indicate a stronger coupling between the lattice
and magnetism with increased Fe antisite defects in the 1-2-2
lattice, which manifests as an enhancement in S.
V. CONCLUSIONS
This study has identified Fe and Al lattice site substitution
as a contributing factor to the variation in the structural and
magnetic properties of AlFe2B2 reported here and in the
literature. Altering the nominal composition and processing
for polycrystalline and single-crystal samples are viable meth-
ods of increasing the Fe:Al ratio in the 1-2-2 phase. Overall
findings highlight how very minor changes in the Al and Fe
solubility (∼1 at.%) of the 1-2-2 phase can have dramatic ef-
fects on the c axis, magnetism, and transport properties in this
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system. The results of this work indicate the ability to tune the
magnetic phase transition temperature (280 K  Tt  315 K)
and the magnetocaloric response (2.3  S  4.0 J/kg K).
The interplay between Al and Fe lattice site occupancy and
the resultant magnetic and electronic responses clarifies the
magnetocaloric properties of the AlFe2B2 system.
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